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NASA’s Ofl’ice of Advanced Concepts and Technology sponsors a coordinated program to develop
electric propulsion technologies applicable to a broad range of future missions. Near-term hydrazine
arcjet research is foeused on increasing the specific impulse from the 5,000 nds level currently used on
the TelStar 401 satellite to 6,000 A. Injection of xenon ion thruster technology, based on a light-
weight  30-cmdiameter  tluwter, is being accomplished through a program designed to validate this
technology for flight application. The projected needs of future, ambitious F~rth-orbital  and solar
system exploration missions are being addressed through research on C60-fueled ion engines lithium-
fueled electromagnetic enginesj  and system studies of nuclear electric propulsion vehicles.

Introduction

Recognizing that on-board propulsion is essential for
both eornmcrcial  and government spacecraft, NASA’s Ofllcc
of Advanced Concepts and Technology (OACT) sponsors an
extensive effort to develop high-performance propulsion
technology to enhance near- and fm-term U.S. space
missions, On-beard propulsion applications include orbit
circularization (apogee motors), north-south station keeping
(NSSK)  fbr geosynchronous Earth orbit (GEO) spacecraft,
orbit mntrol,  orbit repositioning and deep space delta-V
rcquiremmts  [1]. The program, which is being conducted
through the NASA Lewis Research Center and the Jet
Propulsion Laboratory, includes research on
elcctrothcrmal, electrostatic and electromagnetic
propulsion technologies covering a wide range of potential
applications.

On-hoard propulsion ean tic up a large fraction of
the initial space.craft mass, especially for “diflicult” solar
system exploration missions such as comcl  and asteroid
rendezvous. Bccausc  of their high specific impulse
capabilities, electric propulsion systems ofilr  large potential
improvements in over chemical systems fbr certain missions,
For deep space missions these improvements include the
potential to use a smallw launch vehicle, rcduccd  trip times
andhr increased dclivcrcd  mass capability. For ncar-Earth-
space missions, the reduced propulsion system wc4 mass fbr
NSSK or orbit repositioning can b used to incrcasc  the

spacecraft life, increase the payload mass, increase the
number or sped of repositioning maneuvers, or downlcad  the
spacecraft to a smallcx launch vehicle. For Earth-orbit
transfcz missions clcxlric propulsion offers the potential for
large payload delivery capability using smaller launch
vehicles,

The objectives of the program are to develop
innovative, high-performance electric propulsion systems and
to provide critical services to the user community. ‘l%c
program is structured to inchtdc a broad spectrum of activities
from fundamental research to specific efforts aimed at
technology insertion as indicated in Fig. 1. The principal
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Fig. 1 Scope of NASA’s electric propulsion program.
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focus of NASA’s electric and advanced propulsion technology
programs include dcvclopmcnt of high-performance arcjcl.s,
improving ion thruster life, validation and insertion of ion
thruster technology, fundamental research on high-current
electromagnetic thrusters and carbon-60 ion thrusters,
verification of Russian Hall thruster technology (stationary
plasma thrusters and anode laycx thrusters, with primary
support from the Ballistic Missile Dcftmse Organization), and
evaluation of nuclear electric propulsion concepts for far-term
solar system

Electrothermal Thrusters
Rcsistojets

Rcsisto@s  ofk the advantagw of specific impulses
at or beyond traditional on-board chemical propulsion while
enabling the ability to utiliiz a wide range of propellants.
Subkilowatt  rcsistojets  have already been flown to provide
NSSK on commercial uxnmunication  satellites [2,3]. Scvaal
studies in the late 1980s showed the benefits of wastegas
and/or water rcsistojcls  in reducing the propellant resupply frx
large space systems such as the Spare Station [4-12]. As a
result, a program was initiated at NASA LcRC to demonstrate
the technology for a water rcsistojcl  vaporimr  that can reliably
operate with stable phase separation in a microgravity
cwironmcnt.  C@ic cndurarw testing of a sand-packed,
attitude inwnsitivc  vaporizr  is currently underway [13].

Arcjcts
The NASA kilowatt-class arcfi  program was

initiated in 1983 in cooperation with industry [14]. This joht
program led to a first generation hydrazinc arcjct with a
nominal input of 1.8 kW and a specific impulse of
approximately 5,000 m/s. Propulsion systems using this
thruster have box basclincd  for NSSK on four satellite swies
Tclstar  4, Intclsat 8, Echmtar, and Asiasat. The acqxance of
these  arc~ systems has led to calls for higher pcrformanec
arcjcls. Advanced rcfractrny materials with improved high-
tcmpcrature  strength appear to be necmsary to increase
specific impulse lCVCIS  up to 6,(XN m/s with adequate engine
life [15]. Start-up damage problems in high performance
arcjcls are behg addressed through two approaches a “soft-
start” technique which limits start-up current transien~  and a
pressure pulse technique designed to rcducc the time required
to achieve steady-state current levels [16]. In addition, new
small spacecraft initiatives have fueled  the demand for sub
kilowatt hydrazinc arc@ dcvclopmcnt  [17, 18].

For future high power applications, NASA has
continued to work on the dcvclopmcnt  of 10= to 30-kW
hydrogen arc~. This work is motivated in part by industry
interest in electric orbit transfer. Earlier NASA work on
high-poww arc@ famed on constricted-arc designs and the
dcvclopmcnt of a 10-kW POW processor unit [19-21], More
rcccntly wcxk has concentrated primarily on the evaluation of
chambered-arc devices similar to those tcskxl  by the Giannini
Scientific Company in the 1960s. Both radiativcly-  and
rcgencrativcly-led  thrusters arc currently bchg evaluated

to charactcriz~ the pwformancc  limitations of these dcvicts
[22].

Plume Characterizations
Molecular computational fluid dynamic (MCl%)

models of the plume from small rockcls arc being devclopd
to provide more accurate analytical tools fbr the study of
rarefied, lowdensity  flows. This cffbrt, motivated by the need
to develop a better understanding of plume effects on
spacecraft surfacm and systems, includes both cumputcr  code
dcvclopmcnt  and synergistic experimentation, Three
numerical mcdmds,  Navicr-Stokes, Boltzmann,  and direct-
simulation Monte Carlo (DSMC) have been uscxl in the
MCFD program [23-27]. A typical comparison of calculatcxl
axial velocities obtained from these  three approaches is shown
in Fig. 2.
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Fig. 2 Comparison of rocket flow field model
calculations (12 mm from nozzle exit plane)

Electrostatic Thrusters

Ion Thrusters
Gridded  ion thrusters can provide high specific

impulses (15,000 to 100,000 m/s) at high ctlcicncy and so
can significantly benefit a number of mission classes
including NSSK at GEO, orbh repositioning, orbit transfer,
and planclary exploration missions [28-32]. For deep-spm,
small body rendezvous missions (such as to asteroids or
cornets), ion propulsion can reduce the trip time by typically a
factor of two while simultaneously increasing the delivered
mass to the targcl relative to chemical-ballistic tra@torim
using the same launch vehicle. Similarly, orbh repositioning
maneuvers in Earth-orbit can be accomplished either fii.stcr  or
more frequently using ion propulsion than chemical
propulsion systems.

NASA is addressing both auxiliary and primary
propulsion applications of ion propulsion to cover a broad
range of missions. The principal focus of the near-term ion
thruster work is on the development and technology
validation of a 30-cm diametw xenon ion thruster operated in
a “dcratcd” mode. The thruster input power is deratcd from
its design value of >5 kW tcr a maximum of 2.3 kW in order
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to greatly mitigate the known life limiting proccssm.  In
addition, the large ion current handling capability of the 30-
cm diameter accelerator system enables operation at highcx
thrust-to-pcnvcr  raticn than smaller ion thrusters reducing
ground qualification testing rcquircmcms  fbr NSSK
applications [33-36].

Three engineering model thrusters (EMT) are
currently behg fabrkated  at NASA LeRC for usc in the
NASA SEP Technology Applications Readiness (NSTAR)
program. This program is designed to validate ion propulsion
technology fa use on commercial and U.S. government
spacecraft, The recently fabrhtcd EMT has a mass of
approximately 7 kg (Fig. 3) and can kc operated over an input
POW range of 0.55 to 2.3 kW. The NSTAR program will
address the sexvice life capability of the engine and
charactcrim its performance and compatibility with the host
spacecraft.

Fig. 3 Cross-sectional schematic of the 30-cm-
diameter, low-mass ion thruster for NSTAR,

The NSTAR ion engine scrviw life
capability will be established through a combination of long
duration testing and the application of probabilistic physics of
failure modeling. This combination is the most cost effective
approach tQ establishing the failure risk from damage
accumulation lkdure modes. The principal failure mode is
believed to be duc to charge-exchange erosion of the
accelerator grid of the twegrid ion acczlcrator  system. A
twogrid  accelerator system was intentionally tested to failure
in an accclcratcd erosion test in wdcr to establish the behavior
of the erosion patterns over time [37]. These data were
incorporated into a probabilistic model which can be used to
assess the engine failure risk as a function of operating time
[381. ComplcmXWUY  grid erosion modeling is also in
progress at ERC, Inc., where a fully 3-D Particloin-cell code
has lxxm dcvclopcd  to prcdicl  the erosion pattern and
ultimately the erosion rates  in ion accdcrator  systems.

The NSTAR program will also develop an advanced
power processor unit (PPU) fw the 30-cm engine. For a 2.5
kW maximum input powa the PPU spccitic mass is projcctcd
to b approximately 5 kg/kW with an overall eflicicncy of
0.92 [39].

Rcccnt emphasis on the usc of small spacecraft and
small launch vchiclcs for planetary missions [40] has led JPL
tQ scale down the existing 30-cm low-mass ion thruster to a
15-cm diamclex  size which may facilitate integration onto
small spacecraft. The 15-cm thruster, which has a modlficd
ring-cusp discharge chamber design  and has keen operated at
up to 1.1 kW, will also be used a test-bed for the dcvclopmcnt
of advarmd icm accelerator systems [41].

For griddcd ion thrusters, the performance and
engine life are Iargcly dictated by the pcrfbrmancc and life of
the ion aecclcrator  system. NASA is pursuing the
dcvclopmcnt  of advanced accclc.rater systems which promise
to significzmtly  increase the grid life and current density
handling capability relative to state-of-th~art molybdenum
grids, This work includes the dcvclopmcnt  of carbon-carbon
grids [42-44], diamond matings for molybdenum grids, free
standing diamond grids, and the thrc+grid  SAND (Screen,
Acdcrator, Negative Decelerator) optics configuration [45].
The SAND optics have dcmmnstratcd  the ability to
significantly rcducc erosion of the acdcrator  grid in the
central, high-current density region of the accdcrator system
even at elevated vacuum chambcx pressures. This capability
enables ion thruster endurance testing to be performed in
smaller, less expensive vacuum chambers with modest
pumping spcals and should facilitate industry acceptance of
ion propulsion technology.

For solar-powered planetary exploration missions
NASA is evaluating the benefits of the segmented ion engine
design [28]. A segmented engine fabrkatcd  at JPL consists of
four 15-cm diameter ion sources integrated into a 30-em
equivalent thruster. The 4x15-cm segmcxmxl  thruster has the
same active beam area as the 30-cm thruster, and is
approximately the same mass and physical siz. (Fig. 4), and
operates from a single PPU. The potential advantage of this
approach is that for missions in which deep engine power
throttling is required (such as most SW planclary missions),
gross throttling of the segmented engine is amplishtxl

Fig. 4 Segmented ion engine (right) pictured with
conventional 30-cm-diameter lab-model thruster (left).
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through shutting ofl individual ion sources (or segments).
Since the non-operating ion sources are no longer subject to
erosion, the component service life required for a given
mission can be significantly reduced relative to the 30-cm
thruster.

Plasma Contractors
A direct spin-off of the ion propulsion technology

program is the development of plasma contractors for won
the Space Station to ground the Station to the ambient space
plasma, The Space Station plasma contactor  is based on
hollow cathcdc  technology developed in the 30-cm ion
thruster program. Several cathode and cathorbhcater  tests
arc currently undcnvay to demonstrate technology rcadincx+
for this application, A long-duraticm cathode test has now
accumulated more than 9,000-hours of operation at an
emission current of 12 A.

Hal] Thrusters
NASA is assisting in the BMDO sponscd program

to evaluate Russian Hall thruster technology [46-50].
Thrusters under evaluation include the stationary plasma
thruster, SPT-1OO, and advarwd  technology stationary
plasma thruster, T-1OO, and the 1,4-kW thruster with anode
Iayu (TAL), D-55. An on-going endurance @t of the SPT-
100 has accumulated more than 4,500 on/ofTcydes and 3,500
hours of operation.

CM Ion Thrusters
Feasibility tests  of a t&fuclcd ion thruster are lwhg

performed to evaluated the potential for significantly
increasing ion thruster performance at low specific impulses
15,000 to 25,000 m/s [51]. Preliminary results obtained with a
direct-current ion .cwurce indicate that CCO can be ioniiicd  by
electron-kombardmcnt without  fragmenting the molecule.
Based on this encouraging nxsult  a radibfrcqucncy  ion source
has been fabricated and will be tested with & in the near
future.

Electromagnetic Thrusters

Magnetoplasmadynamic  (MPD) Thrusters
The MPD thrustcx  ofkrs the mtial  to provide a

possibly unique mmbination  of high thrust level and high
spccitic  impulse in a compact package. Such capabilities
would be attractive for outer planet exploration missions, as
well as cargo and piloted planaary  missions. Over the past
several yars  many organiizitions  have suppxted the MPD
thrusbx  development program [52,53]. Changing emphasis
at NASA to smaller, lower power missions, however, has
rcsulkxl  in a descoping  of the MPD thruslcr dcvcbpment
program, Current effbrts  now center on the evaluation of
l(K)-kW  class, lithium-fueled MPD thrusters in a coojwrativc
program with the Moscow Aviation Institute in Russia, and
on the development of long-life, high-current cathodes
[54,55]. A dcdicatcd, high-current cathode test facility has
been complckd and preliminary thermal measurements made

in this facility agree well with the predictions of a cathode
thermal model developed under this program (Hg. 5) [56].
The goal of the czlthedc  program is to increase the
demonstrated charge transfw capability of existing cathodes
by two orders of magnitude (from ld A-hours to 107 A-
hours), sinm such capability will be required for a useful
MPD thruster,
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Fig. S Comparison of calculated and measured high-
current cathode temperatures.

NEP System Studies

For challenging exploration and scicncc missions
cmisioncd for the 21st czntury  nuclear electric propulsion
(NEP) will be rcquircxl,  Because of its much greater projcctcd
pcrfbrmanm  relative to projected chemical rocket
pcrfbrmamx  NEP enables a number of outer planti  m-biter
and satellite tour missions. Moreover, NEP provides a large
reduction in the initiat  mass in low Earth Orbit (LEO) and
greater flexibility in the launch data to most destinations. The
higher on-board POW fw NEP can also be used to enhance
significantly the scientific part of the mission. The critical
performance objcetivcs for NEP systems are given in Table 1
[57].

~
VALUE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Electric Powex to Thrusters 50- 100kW
System Specific Mass <40 kg/kW
Full PowJw Lif&ime 4-8ycars
Thruster Lifclime 10,000 hours
~Multi lC

Several studies have suggested an evolutionary
appraach of moving from solar electric propulsion (SEP) to
NEP as an atTordablc  way to gain experience with electric
propulsion while accomplishing some high-intcrat  inner
solar systcm missions (Fig. 6). NASA is currently pursuing
this general approach with strong emphasis implementing the
first step (i.e. the use of solar electric propulsion for planc4ary
missions).
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, Concluding Remarks

Studies and experiments cnntinuc  to confirm the
promise of electric propulsion to offer significant benctl.s  fix a
wide range of space missions, As a rcsull, NASA continues
to develop a range of technology options to covw near and
far-term projected mission needs. Significant progress has
begun to appear in the insertion of electric propulsion
technologies into operation systems as cvidenccd  by the use of
hydrazinc arcjcls  on the Telstar 401 spacecraft, the use of
resistojcts  on numerous communication satellites and the
planned use of the plasma cmtactor  on Space Station, After
four decades of research, electric propulsion is well pesitioncd
to e.nhancn  the performance of future spacecraft.

bw Power SEP

w MoorbMam  &rfam  Power
Planetary NEP \

Fig. 6 Evolutionary development strategy from solar
electric propulsion (SEP) to nuclear electric !
propulsion (NEP).
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